Over the past four decades, satellite observations have shown intensified global greening. At the same time, widespread browning and reversal of or stalled greening have been reported at high latitudes. One of the main reasons for this browning/lack of greening is thought to be warming-induced water stress, i.e., soil moisture depletion caused by earlier spring growth and increased summer evapotranspiration. To investigate these phenomena, we use MODIS collection 6, Global Inventory Modeling and Mapping Studies third-generation (GIMMS) normalized difference vegetation index (NDVI3g), and Global Land Evaporation Amsterdam Model (GLEAM) satellite-based root-zone soil moisture data. The study area was the Far North of Ontario (FNO), 453,788 km 2 of heterogeneous landscape typical of the tundra-taiga interface, consisting of unmanaged boreal forests growing on mineral and peat soils, wetlands, and the most southerly area of tundra. The results indicate that the increased plant growth in spring leads to decreased summer growth. Lower summer soil moisture is related to increased spring plant growth in areas with lower soil moisture content. We also found that earlier start of growing season leads to decreased summer and peak season maximum plant growth.
Introduction
High latitude ecosystems are responding more rapidly [1, 2] and consistently [3] to climate warming than other terrestrial ecosystems. Several recent satellite-based studies [4] [5] [6] [7] have shown that plant growth is increasing in response to changes in Earth's climate system and atmospheric chemistry. This increase is higher in temperature-limited ecosystems and seasons [1, 2, 4, 5, [8] [9] [10] . Warming-induced advances in spring vegetation activity [11] [12] [13] , increased peak productivity [14] [15] [16] , and enhanced carbon (C) uptake [2, [8] [9] [10] [17] [18] [19] in high latitude ecosystems are all well-documented and indicate intensified greening. Yet, the trends to be expected in the future are uncertain.
Emerging evidence shows browning, reversal of greening, and stalled plant growth response to increased temperature at high latitudes. For example, widespread browning has been reported from satellite studies in areas where warming-induced greening was expected to continue [20] [21] [22] [23] [24] [25] [26] [27] . Indirect evidence also indicates that substantial area in northern heterogeneous landscapes is browning. This 
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We use the following satellite datasets: (i) MODIS collection 6 enhanced vegetation index (EVI), (ii) normalized difference vegetation index (NDVI) and (iii) vegetation continuous field; (iv) NDVI from Global Inventory Modeling and Mapping Studies third-generation (GIMMS NDVI3g); and (v) root-zone soil moisture from Global Land Evaporation Amsterdam Model (GLEAM). Satellite records of NDVI and EVI capture both structural (e.g., leaf area index, LAI) and physiological (e.g., leaf chlorophyll content) attributes of terrestrial ecosystems and thus are proxies of plant growth and productivity.
MODIS EVI and NDVI: The collection 6 (V006) 16-day MODIS NDVI and EVI [47] composites (MOD13Q1) at a spatial resolution of 250 m were obtained for 2000−2017 from Earthdata (https://search.earthdata.nasa.gov/). The MODIS NDVI and EVI products are computed from surface reflectance corrected for molecular and aerosol scattering and ozone absorption [48] . Compared to NDVI, EVI is less sensitive to soil background variations and maintains sensitivity over dense vegetation conditions [47] . Both NDVI and EVI pixels corresponding to NDVI values less than 0.15 were interpreted as non-vegetated land pixels and were assigned a value of 0.
MODIS Vegetation Continuous Fields:
The fractional tree cover data is obtained from MODIS Vegetation Continuous Field 250 m product V006 (MOD44B) consisting a sub-pixel information on percent tree cover. The data layers in the MOD44B product are generated on an annual basis from monthly composites of surface reflectance data. We downloaded the MOD44B data for the study area for year 2008, the median year of the entire MODIS time series in this study.
GIMMS NDVI3g: The GIMMS NDVI data for 1982-2011 were obtained from bi-weekly 8 km Global Inventory Modeling and Mapping Studies third-generation observations that are derived from satellite-based surface reflectance from the Advanced Very High Resolution Radiometer (AVHRR) series of sensors [49] . The GIMMS NDVI3g product was assembled from different AVHRR sensors and corrected for effects such as sensor degradation, orbit drift, and volcanic eruption. In our study, NDVI values less than 0.1, interpreted as non-vegetated land pixels, were assigned a value of 0.
GLEAM root-zone soil moisture: The daily GLEAM root-zone soil moisture [50] , version 3.1 (GLEAM_v3.1a), calculated by combining satellite measurements of soil moisture in the top layer with a simple empirical drainage algorithm to estimate water content in the complete root zone at a spatial resolution of 0.25°, was obtained for 1982−2016 from the GLEAM archive (www.gleam.eu). 
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GLEAM root-zone soil moisture: The daily GLEAM root-zone soil moisture [50] , version 3.1 (GLEAM_v3.1a), calculated by combining satellite measurements of soil moisture in the top layer with a simple empirical drainage algorithm to estimate water content in the complete root zone at a Remote Sens. 2019, 11, 1989 4 of 12 spatial resolution of 0.25 • , was obtained for 1982−2016 from the GLEAM archive (www.gleam.eu). The root-zone soil moisture calculation uses observed multi-source precipitation records as input with satellite-observed soil moisture, vegetation optical depth and snow-water equivalent, and reanalysis air temperature and radiation [50] . The multilayer water balance module in version 3.1 has been adapted to represent the continuous drainage of precipitation through the vertical profile. Root zone depth is defined as a function of land-cover type and comprises three model layers for the fraction of tall vegetation (0-10, 10-100, and 100-250 cm), two for the fraction of low vegetation (0-10, 10-100 cm), and only one for the fraction of bare soil (0-10 cm). Validations of GLEAM_v3.1a against measured soil moisture data resulted in R = 0.67 and root mean square difference of 0.057 m 3 /m 3 [50] . We have further validated the GLEAM root-zone soil moisture against the satellite observed Climate Change Initiative (CCI) soil moisture data [51] using all available observations. We find statistically significant relationship between the GLEAM root-zone and the CCI total soil moisture values ( Figure 2 ). It should be noted that, at the latitudes of our study area, there are only few valid satellite soil moisture observations from CCI. The CCI soil moisture shows larger values and dynamic ranges than the GLEAM product ( Figure 2 ). This is expected as CCI measures the soil moisture at 0.5-2-cm depth where high variability is expected while GLEAM product is for the entire root zone depth that ranges from 0-10 cm for bare soil to 250 cm for tall vegetation. The root-zone soil moisture calculation uses observed multi-source precipitation records as input with satellite-observed soil moisture, vegetation optical depth and snow-water equivalent, and reanalysis air temperature and radiation [50] . The multilayer water balance module in version 3.1 has been adapted to represent the continuous drainage of precipitation through the vertical profile. Root zone depth is defined as a function of land-cover type and comprises three model layers for the fraction of tall vegetation (0-10, 10-100, and 100-250 cm), two for the fraction of low vegetation (0-10, 10-100 cm), and only one for the fraction of bare soil (0-10 cm). Validations of GLEAM_v3.1a against measured soil moisture data resulted in R = 0.67 and root mean square difference of 0.057 m 3 /m 3 [50] . We have further validated the GLEAM root-zone soil moisture against the satellite observed Climate Change Initiative (CCI) soil moisture data [51] using all available observations. We find statistically significant relationship between the GLEAM root-zone and the CCI total soil moisture values ( Figure 2 ). It should be noted that, at the latitudes of our study area, there are only few valid satellite soil moisture observations from CCI. The CCI soil moisture shows larger values and dynamic ranges than the GLEAM product ( Figure 2 ). This is expected as CCI measures the soil moisture at 0.5-2-cm depth where high variability is expected while GLEAM product is for the entire root zone depth that ranges from 0-10 cm for bare soil to 250 cm for tall vegetation. 
Analysis
After aggregating the entire land cover map ( Figure 1 ) other than open water from 30 m to 250 m of MODIS pixel size using a majority rule, we analyzed the relationships between spring and summer vegetation activities per land cover types. Averaged across the study area, the growing season begins in May and ends in November [14, 52] , so we defined the seasons to reflect the vegetation dynamics as spring = April-June and summer = July-September. NDVI and EVI pixels from MODIS corresponding to NDVI <0.15 and pixels with NDVI <0.1 for GIMMS were assigned a value of 0. The NDVI and EVI values are then aggregated into seasonal values using the average of all observations. We use different thresholds to differentiate vegetated and non-vegetated pixels as AVHRR series of sensors used for GIMMS and MODIS NDVI have different spectral response functions [53] . In addition to seasonal values, we also extract start of growing season (SOS), and peak season maximum NDVI value. To extract SOS, the following seven-parameter logistic function [14] is fitted to bi-weekly GIMMS NDVI3g and 8-day MODIS NDVI data records after assigning 0 to NDVI <0.1 and <0.15 for GIMMS and MODIS, respectively: 
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To extract SOS, the following seven-parameter logistic function [14] is fitted to bi-weekly GIMMS NDVI3g and 8-day MODIS NDVI data records after assigning 0 to NDVI <0.1 and <0.15 for GIMMS and MODIS, respectively:
where Y(t) is the observed data value at a day of year (DOY) t; α 1 is the winter dormant period value; α 2 − α 1 is the amplitude between the winter dormant period, and the spring and early summer plateau; and α 3 − α 1 is the amplitude between the winter dormant period, and the late summer and autumn plateau. ∂ 1 and ∂ 2 are the transition in slope coefficients, while β 1 and β 2 are the mid-points in DOY of these transitions for green-up and senescence/abscission, respectively. Data were fitted to the logistic function with the first guess values of the seven parameters (α 1 = 0.1, α 2 = 1, α 3 = 1, ∂ 1 = 0.04, ∂ 2 = 0.04, β 1 = 112, β 2 = 218) and solved with maximum of 2000 iterations. SOS is estimated as β 1 value in Equation (1) for both GIMMS NDVI3g and MODIS NDVI. Satellite-based NDVI values are known to be affected by atmospheric perturbation; therefore, we use two methods to estimate the peak season maximum NDVI value. Firstly, we directly extract the maximum annual value (max) for each pixel from the raw bi-weekly GIMMS NDVI3g and 8-day MODIS NDVI data records. Secondly, we estimate the peak of season maximum NDVI value (POSvalue) by fitting Equation (1) on raw time series [14] .
In order to assess the impacts of vegetation density and cover type on the relationship between spring and summer vegetation activity, we separately analysed the statistical strength of the observed relationships per fractional tree cover classes. The fractional tree cover data is categorized into classes ranging from 0.0 to 0.7 at 0.1 interval. In order to assess the impact of average plant available soil water on the relationship between spring and summer vegetation activity, we separately analysed the statistical strength of the observed relationships per long-term average soil moisture classes. For this particular purpose, the plant available soil water was estimated from the average value of the entire GLEAM root-zone soil moisture data records and categorized into six classes ranging from 0. The spatial relationship analyses between datasets with different spatial resolutions are conducted by reprojecting the finer data onto the spatial grid of coarser data using bilinear aggregation. For this purpose, all pixels with NDVI < 0.1 for GIMMS NDVI3g and NDVI < 0.15 for MODIS NDVI and EVI are given value of zero before spatial aggregation. Linear slopes are estimated using the robust Theil-Sen slope estimator and correlations are estimated using the Kendall's tau estimator. The Mann-Kendall test was used to assess the statistical significance of both the linear slope and correlation.
Results and Discussion
We begin by comparing the relationships between spring and summer greenness from MODIS NDVI and EVI for 2000-2017 per land cover class. Spring greenness from MODIS NDVI and EVI are significantly negatively related (p < 0.05) with summer greenness for all land cover classes (Figure 3 ). There was no significant difference in relationships between spring and summer greenness among the land cover lasses. To strengthen the results presented in Figure 3 , we further analysed the inter-annual relationships between spring and summer greenness from MODIS NDVI and EVI for 2000-2017 relative to long-term mean soil moisture and tree cover classes. The results show that spring greenness from MODIS NDVI and EVI are significantly negatively related (p < 0.05) with summer greenness for all soil moisture ( Figure 4a ) and tree cover classes (Figure 4c ). Although there was no consistent difference in the relationships along the soil moisture classes, MODIS NDVI and EVI the strengthening negative relationship between spring and summer greenness with decreasing tree cover (Figure 4c ). The strengthening negative relationship with decreasing tree cover is expected as trees have deeper and more extensive root systems that facilitate larger access to available moisture than herbaceous vegetation. However, strengthening negative relationship with decreasing tree cover is not observed Remote Sens. 2019, 11, 1989 6 of 12 in the GIMMS NDVI3g data. MODIS NDVI, EVI and tree cover data have the same spatial resolutions while GIMMS is approximately 16 times coarser that may explain the discrepancy. We further analysed the inter-annual relationships of SOS with summer NDVI and EVI. The results indicate that the later onset of growing season is significantly (p < 0.05) related to increased summer greenness for all soil moisture ( Figure 4b ) and tree cover classes (Figure 4d ). Moreover, earlier onset of SOS is consistently related to lower peak of season greenness values as estimated from two methods throughout soil moisture and tree cover classes ( Figure 5 ). Earlier arrival of spring leads to deceased summer greenness and reduced maximum greenness consistently from both GIMMS and MODIS data. moisture content. This result implies that the timing and amount of spring greenness directly affect the summer soil moisture and greenness, consistent with recent findings [36] [37] [38] [39] [40] [41] 54] .
We have also analysed the spring and summer greenness relationships by substrate type, i.e., mineral soil and wetland pixels, and found no consistent discrepancy ( Figure S1-S3 ). The lack of discrepancy between mineral soil and wetland results in this study could arise from our resampling of the 30 m land cover map (Figure 1) into coarser grids, which may not capture the actual heterogeneity of the landscape in the analysis of soil moisture spatial distribution associated with vegetation activities. Previous studies have hypothesized an emerging soil moisture constraint on the summer plant growth rate of high latitude ecosystems [19, 41, [55] [56] [57] [58] [59] [60] [61] [62] . This is consistent with our findings that increased spring greening is depleting summer soil moisture. Therefore, our results support that the weakening summer plant growth sensitivity to temperature reported in several studies [30] [31] [32] [33] may be related to summer soil moisture stress partly caused by increased plant growth in spring and earlier onset of growing season. Figure 5 . Linear slopes of start of season (SOS) with maximum productivity obtained from GIMMS NDVI3g and MODIS NDVI plotted along the long-term mean summer soil moisture (m 3 /m 3 ) (a) and tree cover (b) classes. VI is vegetation index (i.e., NDVI or EVI). Error bars represent one standard deviation of spatial slopes in each soil moisture or tree cover class. The linear slopes are computed at native spatial resolutions of GIMMS and MODIS data. Maximum productivity values are obtained from peak of season day (i.e., POSvalue) using the curve-fitting algorithm and directly from maximum annual value of the raw data (i.e., max). Mean of linear slope is significantly different from zero in all cases (p < 0.05, two-tailed one-sample t-test) except indicated as NS (not significant) otherwise. Figure 5 . Linear slopes of start of season (SOS) with maximum productivity obtained from GIMMS NDVI3g and MODIS NDVI plotted along the long-term mean summer soil moisture (m 3 /m 3 ) (a) and tree cover (b) classes. VI is vegetation index (i.e., NDVI or EVI). Error bars represent one standard deviation of spatial slopes in each soil moisture or tree cover class. The linear slopes are computed at native spatial resolutions of GIMMS and MODIS data. Maximum productivity values are obtained from peak of season day (i.e., POSvalue) using the curve-fitting algorithm and directly from maximum annual value of the raw data (i.e., max). Mean of linear slope is significantly different from zero in all cases (p < 0.05, two-tailed one-sample t-test) except indicated as NS (not significant) otherwise. Figure 6 further shows that spring NDVI values are negatively correlated with summer soil moisture for the southern part of the study area with low average soil moisture while correlations were positive for the northern part of the study area. This pattern clearly indicates that the effect of spring vegetation growth on summer soil moisture content is highest in areas with relatively low soil moisture content. This result implies that the timing and amount of spring greenness directly affect the summer soil moisture and greenness, consistent with recent findings [36] [37] [38] [39] [40] [41] 54] .
We have also analysed the spring and summer greenness relationships by substrate type, i.e., mineral soil and wetland pixels, and found no consistent discrepancy ( Figures S1-S3 ). The lack of discrepancy between mineral soil and wetland results in this study could arise from our resampling of the 30 m land cover map (Figure 1) into coarser grids, which may not capture the actual heterogeneity of the landscape in the analysis of soil moisture spatial distribution associated with vegetation activities. Previous studies have hypothesized an emerging soil moisture constraint on the summer plant growth rate of high latitude ecosystems [19, 41, [55] [56] [57] [58] [59] [60] [61] [62] . This is consistent with our findings that increased spring greening is depleting summer soil moisture. Therefore, our results support that the weakening summer plant growth sensitivity to temperature reported in several studies [30] [31] [32] [33] may be related to summer soil moisture stress partly caused by increased plant growth in spring and earlier onset of growing season. 
Conclusions
We used several satellite datasets (MODIS NDVI, EVI and tree cover, GIMMS NDVI3g, and GLEAM root-zone soil moisture) to study the influence of spring plant growth on summer soil moisture content and plant growth on heterogeneous landscapes typical of the tundra-taiga interface, consisting of unmanaged boreal forest, wetlands, and the most southerly part of the tundra. Our results indicate that higher vegetation growth in spring leads to deceased summer soil moisture and greenness. We also found that earlier start of growing season leads to decreased summer and maximum greenness. In conclusion, earlier and increased spring plant growth leads to reduced summer soil moisture and plant growth. Our analysis supports that the weakening summer plant growth sensitivity to temperature reported in several studies may be related to summer soil moisture stress partly caused by increased plant growth in spring that depletes soil moisture. Our analysis, in a study area representative of the northern high latitude terrestrial ecosystems, contributes to a better understanding of the changing coupling between vegetation and Earth's climatic dynamics.
Supplementary Materials:
The following are available online at www.mdpi.com/xxx/s1, Figure S1 : The spatial distribution of regression slopes between spring and summer greenness, Figure S2 : Regression slopes of start of season (SOS) with summer NDVI and EVI, Figure S3 
Conclusions
Supplementary Materials:
The following are available online at http://www.mdpi.com/2072-4292/11/17/1989/s1, Figure S1 : The spatial distribution of regression slopes between spring and summer greenness, Figure S2 : Regression slopes of start of season (SOS) with summer NDVI and EVI, Figure S3 : Regression slopes of start of season (SOS) with maximum productivity. 
